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Abstract

Synchrotron oscillations in a storage ring can be drivemoise, and beam measurements. Conclusions are given in
by noise in the storage ring RF system. For phase noisection 4.

in the master oscillator, which falls off exponentially with
frequency, we show that beam oscillations can become sig- Itot
nificant in cases of moderate to heavy beam loading. W \ 1
derive the transfer function for generator phase to bea
phase and calculate the beam motion using the measury™,,
phase noise in several master oscillator sources. This i
compared with measurements of the beam noise made at
the Advanced Light Source, a 1.5-1.9 GeV electron stor- Wg
age ring.

Ve

Figure 1: Phasor diagram for steady-state beam loading
1 INTRODUCTION and the cavity equivalent circuit. The generator and beam

I : . are represented as equivalent current sources.
In the summer of 1998, scientists using the infrared syn- P g

chrotron light beam line at the Advanced Light Source
(ALS) reported observations of beam motion in the fre- 2 PEDERSEN MODEL OF

quency range of 4 to 10 kHz, variable with total beam cur-
rent. Our investigations linked the beam motion to energy BEAM-CAVITY INTERACTIONS

oscillations of the beam at a point of dispersion in the latrhe pedersen model[3, 4] is a convenient model for find-
tice. These oscillations were found to be driven by phasgg the stability of the beam-cavity interaction as well as
noise in the RF master oscillator (MO), which eventuallijescribing the transmission of small signal deviations of
was replaced with a lower noise MO. This paper describgfe RF variables, such as the generator voltage or phase to
the model used to calculate the effect of the phase noise gher parameters such as the beam amplitude or phase. An
the beam and compares calculations with measurementsgfyivalent circuit for the beam-cavity interaction and a pha-
beam motion. sor diagram of the relative currents and voltages is shown in
The dynamics of the interaction of a radiofrequency (RF§ig. 1. Transmission of small signal variations of generator,
cavity with the beam, known as the Robinson effect[1], argavity, and beam amplitude and phase can be represented
well understood as are the regions of stability in the inteiin 3 scalar signal flow diagram as shown in Figa2, pc,
action. Although a storage ring RF system is always con;., p.., a5 andpg, are small amplitude variations of the
figured to Robinson stable, the effect of noise in the Rgenerator and beam amplitude and phase, respectively. The

system can be significant[2], particularly in cases of modefransfer functions from total current; to cavity voltage
ate to heavy beam loading, where the Robinson frequengy. are given in general by

shiftis large enough that the beam couples to low frequency
noise sources. In this paper, we determine the beam motiOéJ (5) = Gaa(s) = 1 <Z(3 + jwry) n Z(s — jwrf)>
driven by phase noise in master oscillator in the RF source *” “ 2\ Z(jwry) Z(—jwry)
in the limits of heavy beam loading. In particular, we are
j (Z(S +owrp)  Z(s— J'wrf))

concerned with energy oscillations of the beam. Calculab (s)
Z(jwry) Z(—jwrys)
(2)

tions of the effects are compared with beam measurement§” 8) = ~Gapl(s) = 2

made on the Advanced Light Source, a 1.5-1.9 GeV elec-

tron storage optimized for producing synchrotron radiationvhere the frequency = jw and the subscripts refer to
Section 2 reviews the beam-cavity interaction using thBhase-to-phase or phase-to-amplitude modulatidfis:)

Pedersen small-signal model the find the transfer functiofsthe cavity impedance given by

between the generator phase and beam phase and energy. 9% Rs

Section 3 presents measurements of master oscillator phase Z(8) = 5———

noise, calculations of the beam noise using the measured 8%+ 205 +wp

*This work was supported by the U.S. Dept.of Energy under Contracﬁ is the cavity shunt Im,pedanQeR IS, the cavity resonapt
No.DE-AC03-76SF00098. frequencyo = wr/2Q is the damping rate of the cavity

t jmbyrd@lIbl.gov amplitude and? is the quality factor. The superscript on
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Figure 2: Scalar signal flow diagram using the Pedersen 5 00%,E el T 3
model of linear beam cavity interaction. z ]
Parameter  Description Value 0001 i ! ! ! ! ]
E Beam energy 1.9 GeV 2 4 6 8 10 ©
frf RF frequency 499.664 MHz Frequency (kHz)
Vs total RF voltage 1.08 MV
h Harmonic number 328 Figure 3: Computed beam phase and energy transfer func-
N, Number of cells 2 tions using cavity parameters as a function of total current.
i un:oageg shu?: 'Tp't 2’330:;"0 damping, respectively. To compute the total beam motion,
Q un oa|1_ € bqttja' y factor 24 one simply integrates the product of the noise spectrum and
B Icoudp ng ela O 2 rad the transfer function. If the noise had a flat frequency distri-
?JL 0‘3 llng a/?g € 337 Ir<av bution (i.e. white noise), the spectrum of the phase motion
0 rad. r?sfs urn 102 EH would be proportional to the transfer function. However, if
fs a/nc ' trequency tion 1.6 ' 107?% the noise spectrum fell off exponentially at higher frequen-
g 3m§n um cotmpac 1on '13><5 cies, as is the case with phase noise in the master oscillator,
Trad rad. damping time - MSEcC the beam would be more strongly excited at higher current
with a larger Robinson frequency shift. The next section
Table 1: Nominal ALS RF parameters. shows measurements made at the ALS confirming this.

the current to voltage transfer functions represents modula-
tions of either the generator or beam and are given by the 3 MEASUREMENTS
projections of the generator or beam current onto the total

current as shown in Fig. 1.
The transfer function from generator phase modulation ;
to beam phase modulation is given by 00

where B; is the beam phase transfer function and is given

by

-90 T T T T

—— crytal oscillator
HP ESG1000A sig. gen.
HP8644 sig. gen.

-110

PB _ (Gfp + tan ¢BG§¢1) By

- 4
pc 1— B (Gfp + tan ¢BG£’;) “)

Amplitude (dBc)

-120

-130 — —

2

2—32 (5) 2 4 6 8 10
S + 20-38 + OJS Frequency-F,; (kHz)

Bi(s) =

whereo g is the radiation damping rate. The beam energy

transfer function is given by Figure 4. Phase noise from the three master oscillator
Wes sources express in dB from the carrier in a 1 Hz bandwidth.
5(s) = ——B(s) (6) The values for the crystal oscillator and HP ESG1000A are
Wric measured and the noise for HP8644B is derived from val-
wherea is the momentum compaction. ues from the manufacturer.

The transfer functions for the beam phase and energy,
computed for the nominal ALS beam current range are The ALS presently has three MO sources: a crystal os-
shown in Fig. 3. For example, the phase transfer funaillator with a +5 kHz tuning range, an HP ESG1000A
tion shows a downward frequency shift as well as an inisignal generator which has the feature that the frequency
tial damping. These are the Robinson frequency shift armhn be changed without interruption to the RF signal, and
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i Figure 6: Measured beam noise using the two HP syn-
8 thesizers described above. The reduction corresponds to
g n the expected reduction in phase noise. Harmonics of the
1 klystron power supply are visible with the reduced phase
& i noise.
the ALS. The combination of the Robinson effect and the
phase noise increases the coupling of the phase noise to

10 2 the beam for increasing beam loading. Calculations of the
beam motion from the measured MO phase noise show
fairly good agreement with beam measurements. This

Figure 5: a) Measured beam phase noise vs. total beasffect can be serious for heavily loaded electron storage

current using the HP8644B signal generator as the MO. bings, necessitating consideration of the master oscillator

Calculated phase noise at the same beam currents. design or possibly RF feedback to reduce the problem.

. . . The author would like to thank Drs. F. Pedersen and M.
an HP8644B low phase noise signal source, which was pu:. . .
nty for many useful discussions.

chased when the source of the phase noise was identified
To determine the amount of beam motion driven by the
phase noise in the MO, we measured the phase noise by 5 REFERENCES
simply observing the spectrum of phase modulation sidgr) k. Robinson, CEA report CEAL-1010, 1964.
bands generated on a spectrum analyzer. This is shown j
Fig. 4 fcrll units of dBc pepr Hz from th)é 500 MHz carrier. [Ef M. Sands, Orsay report 2-76 (1976).
Unfortunately, the noise for the HP8644B is too low to bd3] F- Pedersen, IEEE Trans. Nucl. S&i$-32 2138, (1985).
measured in this way and thus only the catalog values ai F. Pedersen, IEEE Trans. Nucl. S&i$-22 1906, (1975).
shown. [5] M. Minty, R. H. Siemann, Nucl.Inst. Meth.&76, 301 (1996).
Beam phase measurements were made by recording the
frequency spectrum of the sum of four beam position moni-
tors (BPMs). The synchrotron oscillations phase modulate
the beam signal, following a simple relation between the
modulation sideband and the carrier. Measurements were
made at a center frequency of 1499 MHz«(frr) to be
more sensitive to phase oscillations. Shown in Fig. 5 are
measurements of the spontaneous beam motion over the
nominal range of beam current using the HP8644B as MO.
The calculated motion shows fairly good agreement with
the measured motion, particularly at lower beam current.
The disagreement at high current may be due to the re-
sponse of the coupled—bunch feedback system which has
been neglected in calculations of the transfer function.
The effect of reducing the MO phase noise is shown in
Fig. 6 which shows the spectrum of beam motion using the
HP ESG1000A and HP8644B. The beam motionis reduced
by the ratio of the noise in the two MOs.

6 8
Frequency (kHz)

4 CONCLUSIONS

We have identified phase noise in the 500 MHz master os-
cillator as a source of driven synchrotron oscillations in
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